This study was aimed to determine the effect of different killing methods (frozen, mechanical, and traditional) on the quality, safety, and shelf life of crayfish that are aerobically stored under chilled conditions. The population of microorganisms (i.e., total mesophilic aerobic bacteria (TMAB), total psychrophilic aerobic bacteria (TPAB), and Enterobacteriaceae) was increased regarding to storage time ( < 0.05). Significant differences ( > 0.05) were not observed in pH values during storage time. In contrast to this, total volatile basic nitrogen (TVB-N) values of the samples were increased significantly ( < 0.05) during storage. Sensory results were highly correlated with the microbiological counts ( = −0.92 for TMAB × odour; = −0.95 for TPAB × odour; and = −0.96 for Enterobacteriaceae × odour). Fifteen different fatty acids and 5 biogenic amines were detected for the determination of initial quality and safety of crayfish. In conclusion, frozen killed samples were found to be effective and laborsaving method as an alternative to traditional killing methods by maintaining the quality and safety of crayfish at the beginning and during storage under chilled conditions.
Introduction
The quality of seafood mainly depends on catch/harvest method and processing type. Moreover, changes in microbiological and biochemical values closely related to handling methods after harvesting and play a significant role in maintaining the quality and safety of the product that can be either raw or processed [1] . Crayfish (Astacus leptodactylus) is one of the most preferable crustacean species in terms of its nutritional quality. Turkey has an important place for the processing of crayfish. During 2014 and 2015, the catch yield of the crayfish was reported to be 582 and 532 tons, respectively [2] . Compared to other freshwater crustacean species (i.e., red claw crayfish, Cherax quadricarinatus), A. leptodactylus has one disadvantage in that the tolerance in intensive culture conditions is very low due to cannibalism between individuals. Additionally, A. leptodactylus is sensitive to plague disease that causes remarkable decrease in the population [3, 4] .
As the rest of seafood, crayfish also could have dramatic changes (i.e., microbiological, chemical, and physical) after harvesting. Due to the differences in nutritional values, spoilage occurs unequally to fish species. Moreover, processing of crayfish is performed while the individuals are still alive to maintain the meat quality [5] .
There are limited numbers of studies in the literature regarding the quality and safety of crayfish. Moreover, no available data were found on killing methods as the crayfish are processed alive. In this context, determination of the effect of different treatments (frozen, traditional, and mechanical) on the quality and safety of crayfish was aimed at in the present study.
Materials and Methods

Crayfish Samples.
Crayfish (A. leptodactylus) samples were obtained from crayfish processing plant when they are alive during the catch season with the total length of 10-14 cm and weight between 45 and 55 g. The transfer of the crayfish was performed with the drained boxes by a cooling vehicle to the processing plant. Following the processing steps, samples were transferred to the laboratory for the determination of microbiological, sensory, and chemical properties. 
Killing Methods.
Three different killing methods were used in the study, namely, frozen samples (B1), traditional processing (B2), and mechanical methods (B3). Raw crayfish samples were used as control (B4). In all batches 40 crayfish and at the total 160 crayfish were used. For the frozen samples, raw crayfish were placed in the pouches (10 for each) and stored in freezing room (−40 ∘ C) for 3 hours. Traditional killing consisted of immersing the specimens in boiling water for 4 minutes. Specimens were prepared for the mechanical methods by using the tip of sharp scalpel. Individually handled specimens were then immersed in the boiling water after all of the applied killing methods.
Preparation of Crayfish.
The study was divided into 2 batches. In the first batch, samples were analyzed to determine the effect of killing methods on the changes of fatty acids, biogenic amines, and sensory analysis. In the second batch, a shelf life study was conducted to determine whether there is a significant effect on the shelf life of the aerobically stored crayfish during chilled storage (+4 ∘ C). For the determination of the shelf life, samples were examined with regard to the changes in microbiological (TMA, TPA, and Enterobacteriaceae), chemical (TVB-N and pH), and sensory properties.
Microbiological Analysis.
Ten grams of crayfish sample from tail was transferred into stomacher pouches containing 90 mL of 0.1% Buffered Peptone Water (Merck) and homogenized for 60 seconds. Counts of total mesophilic aerobic (TMA) [6] and total psychrophilic aerobic (TPA) [7] bacteria and Enterobacteriaceae were determined on plate count agar (for TMA and TPA) and Violet Red Bile Glucose Agar (VRBGA), respectively. The incubation period of the bacteria was 30 ∘ C for 48 hours (TMA), 6 ∘ C for 240 hours (TPA), and finally 37 ∘ C for 48 hours (Enterobacteriaceae). Pour plate method was used in duplicate for the counts of microorganisms. Results were expressed as logarithms of the number of colony forming units per gram (log cfu/g).
Sensory
Analysis. Sensory analysis of the samples was performed by 9 trained assessors. Four groups (B1 to B4) of crayfish samples were evaluated in accordance with the odour, colour, flavour, texture, and deformation by using 5-point Torry scale (1 unacceptable and 5 very good).
Chemical Analysis.
Ten grams of samples was added to 10 mL of distilled water and homogenized for 2 minutes. The pH of the samples was directly measured from the diluted homogenate by a pH meter (Hanna Instruments, UK). Total volatile basic nitrogen (TVBN) (mg N/100 g) was determined in accordance with the method proposed by Antonacopoulos and Vyncke (1989) [8] .
2.7. Determination of Fatty Acids. Analysis of fatty acids methyl esters (FAMEs) was performed in accordance with method proposed by AOAC (2001) [9] . Samples were finely homogenized prior to extraction of fat. Following homogenization of 100 mg of pyrogallic acid and 2 mL of triglyceride internal standard solution, 2 mL of ethanol and 10 mL of 8.3 M of HCI were added and mixed. Samples were maintained into water bath at 70-80 ∘ C for 40 minutes. In every 10 min, the content of flask was vortexed to incorporate particulates adhering to sides of the flask into solution. After homogenization, the flask was left to cool at room temperature. For the methylation process, extracted fat was dissolved in 2 mL of chloroform and 2 mL of diethyl ether. Mixture was transferred into glass vials placed into 40 ∘ C water bath for the evaporation. Vials were sealed after adding 2 mL 7% of boron trifluoride reagent and 1 mL of toluene. Vials were heated for 45 min at 100 ∘ C and shaken in every 10 minutes. After cooling at room temperature, 5 mL of H 2 O, 1.0 mL of hexane, and 1 g of Na 2 SO 4 were added. After separation of layers, the top layer was transferred into another vial containing 1 g of Na 2 SO 4 . The FAMEs were injected into GC device. A PerkinElmer AutoSystem XL gas chromatography equipped with a capillary column Rt-2560 (100 m × 0.25 mm I.D., 0.2 m thickness) was used with the temperature programming from 80 ∘ C up to 240 ∘ C (program rate 3 ∘ C per min.) after keeping split-off mode at 100 ∘ C for the initial 4-minute hold. The relative amount of each fatty acid methyl ester was calculated from the integrated area of all peaks.
Analysis of Biogenic Amines in Crayfish Samples.
Chemicals used for the analysis of biogenic amines were of analytical and chromatographic grade. Standards, namely, tryptamine, 2-phenylethylamine, putrescine, cadaverine, and tyramine, were obtained from Sigma. Biogenic amine analysis was performed with regard to the method proposed by [10, 11] .
Apparatus.
Shimadzu model HPLC consisting of a LC 10 ADVP pomp, DAD detector ( max = 220 nm), autosampler (SIL 10 AD VP), and oven (CTO 10 ACVP) was used. The column was Prodigy 5 ODS(2) (250 × 4,6 mm) and degasser was DGU-14A.
Chromatographic Conditions.
The stock buffer was prepared containing 0.1 M tris-(hydroxymethyl)-aminomethan/ 0.1 M acetic acid/water (MQ): (2/1/2) at pH 8. Solvent reservoirs consisted of buffer A, buffer (30 mL), acetonitrile (ACN), (550 mL) and water (420 mL), and buffer B, buffer (2 mL), ACN (900 mL), and water (100 mL). The flow rate was 1.0 mL/min at 30 ∘ C. Injection volume was 20 L.
Sample Preparation.
Five grams of sample was homogenized with 0.4 M perchloric acid and centrifuged at 10.000 rpm for 10 min at 3 ∘ C. Following this, 400 L was taken from supernatant and injected into the column.
Statistical Analysis.
Data were subjected to the analysis of variance (ANOVA) in SPSS5 16.0 program for significant differences between treatments. Tukey's multiple test was applied for the comparison of differences between treatments at < 0.05 level [12] . shelf life. Initial TMA counts of crayfish samples (B1 to B4) were found to be 1.56 ± 0.58, 1.59 ± 0.07, 2.76 ± 0.31, and 2.88 ± 0.33 log cfu/g, while TPA and Enterobacteriaceae counts were similar for the initial counts (Figures 1(a), 1(b) , and 1(c)). During 15 days of storage time, the counts of microorganisms were increased regardless of the killing method. Due to weak connective tissue, water content, living habitat, and pH values, the growth of bacteria was induced during storage [13] [14] [15] . The initial counts of TPA bacteria were found to be 2.49 ± 0.06, 2.59 ± 0.23, 1.83 ± 0.84, and 1.28 ± 0.21 log cfu/g after application of killing methods. During storage at chilled temperatures, the counts of bacteria were significantly increased ( < 0.05). The highest counts (5.73 ± 0.55 log cfu/g) were obtained for the fresh raw samples (B4) at the end of the storage time.
Results and Discussion
The members of Enterobacteriaceae family play a significant role in spoilage pattern of seafood [16] . In this study, the lowest initial counts of Enterobacteriaceae were observed in traditionally killed samples (1.57 ± 0.26 log cfu/g), while mechanically killed samples had the highest count which was 2.62 ± 0.007 log cfu/g. At the end of the storage time, significant results were observed between B1 and B4 ( < 0.05). Among the treatments, the lowest microbial counts were found in frozen killed (B1) samples at the end of the storage time. Similar results were obtained compared to a study that was conducted to investigate the microbiological and physicochemical properties of red claw crayfish (C. quadricarinatus) at chilled temperatures (2 ∘ C) [17] . It has been reported that at the beginning of the storage trial the microbiota of red claw crayfish have been affected by the slurry ice and lower results were obtained for aerobic plate count (2 log cfu/g) and coliform bacteria. Regarding our study, the counts of all of the bacterial groups were inhibited due to freezing temperature (−40 ∘ C).
Chemical Changes.
Changes in pH and TVBN (mg N/ 100 g) values were presented in Figures 1(d) and 1(e) . The differences among the initial pH of the samples were not significant ( > 0.05). During storage, pH values exhibited fluctuated changes. Although statistically significant differences among the treatments were not found during storage, the differences compared to the first day of the storage were significant ( < 0.05). The lowest pH was found in fresh raw samples (6.14 ± 0.02). Similar results were obtained in the study conducted by [18] Fard et al. (2015) , in which tail meat quality changes of A. leptodactylus were studied. The mean results of TVBN values of crayfish samples were found to be 28.5 ± 2.12, 32.5 ± 0.7, 33.5 ± 2.12, and 36.0 ± 2.82 mg N/100 g sample at the end of the storage trial, respectively (Figure 1(e) ). Significant differences ( < 0.05) were only observed in frozen killed samples compared to other killing methods. Higher results (53.5 ± 1.204 mg N/100 g) were reported by [19] for freshwater crayfish (Procambarus clarkii). On the other hand, obtained TVBN results were consistent with the findings of Fard et al. (2015) [18] for frozen A. leptodactylus tail fillets. Researchers reported the maximum reached TVBN values of crayfish tail fillet as 26.6 ± 1.4 mg N/100 g sample at the end of 6-month storage. The allowance limit of TVBN content in seafood has been reported to be less than 40 mg N/100 g sample [20, 21] . However, the acceptable limit for TVBN values highly depends on the species. Regarding this study, TVB-N values did not reach the acceptable limit (40 mg N/100 g sample) at the end of the storage time. However, samples were rejected by sensory panel after 15 days.
Sensory
Changes. Sensory changes of crayfish were shown in Table 1 . The samples were judged in accordance with their odour (characteristic, fishy, neutral, rancid, and boiled egg), deformation (unusual appearance on carapace), colour (white, yellow/greenish, or paled), texture (hardness and juiciness), and flavour (characteristic, rancid, and sulphur) during the storage time. Results were scaled from 1 (unacceptable) to 5 (perfect quality). During the 15 days of storage trial significant differences were found between treatments ( < 0.05). The effect of time was found to be statistically significant within the groups ( < 0.05). Odour is one of the most explicit changes among the parameters of the sensory analysis. With regard to the storage time, values were decreased significantly ( < 0.05) for all treatments tested. The lowest results were obtained for fresh raw samples (B4), while the highest ones were for frozen killed crayfish (B1) ( Table 1) . Detection of deformation level among the samples was obvious in mechanically killed crayfish (B3). Although the lowest deformation was observed in fresh raw and traditionally killed samples, initial values of deformation between B3 and B4 were not statistically significant ( > 0.05). The values of colour changes were decreased with regard to storage time.
Initial colour values which represent white tail meat and reddish shell for killed and boiled samples and greenish tail meat and green shell for fresh raw samples were found to be 3.77 ± 0.83, 4.33 ± 0.50, 4.44 ± 0.52, and 4.00 ± 0.70, respectively. During the storage time, colour of the processed samples (B1 to B3) was changed from the white tail meat to greenish/yellowish and from red to pale for the shell. The initial texture values of the samples were found to be 3.77 ± 0.83, 4.33 ± 0.50, 4.44 ± 0.52, and 3.00 ± 0.70, respectively. The lowest texture value belonged to group B4 (1.22 ± 0.44) which could be due to highest microbial and enzymatic activity (Figures 1(a), 1(b) , and 1(c)) during storage. Changes in flavour which represent overall acceptability for the boiled samples decreased as well with regard to storage time. Flavour analysis was not applied for group B4 as they were stored fresh raw samples. At the end of the storage trial, the highest flavour results were obtained in group B1 ( < 0.05). Similar results were reported by Sigurgisladottir et al. (2001) [22] for the texture changes of fresh and smoked Atlantic salmon (Salmo salar). Moreover, the significant effects of killing/processing methods on the sensory changes of crayfish have been shown in this study. Consistent findings were also reported in the previous study [23] .
Fatty Acid and Biogenic Amine Profile of Crayfish.
The fatty acid profile of crayfish samples was presented in Table 2 . The domination of fatty acids of fresh raw crayfish consisted of saturated (palmitic acid (C16:0) (16.01%), stearic acid (C18:0) (6.98%)) and monounsaturated (elaidic (C18:1n9) (13.44%), erucic (C22:1n9) (11.85%), and lignoceric acid (C24:0) (16.27%)). With regard to the killing method tested herein, variations in the percentage of fatty acids were observed. Compared to the control group (B4), loss of fatty acids due to killing methods was not found to be statistically significant ( > 0.05). One of the most significant differences was found between groups in erucic acid (C22:1n9) which could cause myocardial lipidosis in animals [24] . Lower results were reported compared to our study for erucic acid in muscle tissue of cultured and wild rohu (Labeo rohita) [25] . Higher amounts of erucic acid were observed in the crayfish which may be due to high absorption of erucic acid in the muscle tissue.
The profile of biogenic amines content was shown in Table 3 . The dominated biogenic amines were found to be tryptamine, putrescine, and cadaverine in crayfish samples. Tyramine and 2-phenylethylamine were only found in group B2 with very low amount of 0.3 g/g. Tryptamine, putrescine, and cadaverine are found in seafood and reported in many studies [26] [27] [28] [29] .
Conclusion
The effect of different killing methods on the quality and safety of crayfish was investigated in the study. In terms of determining the quality of crayfish samples, microbiological changes, sensory indices, and fatty acid profile were taken into account, while biogenic amines content was quantified for the evaluation of safety of the samples. Moreover, a study on 15 days of shelf life was also conducted to determine the significant effect of different killing methods in crayfish under chilled conditions. Obviously, the highest microbial activity and chemical changes (TVB-N) were observed in fresh raw crayfish samples (B4). By taking into account the traditional processing method in which crayfish are killed while they are still alive, the most effective method was found to be frozen killed crayfish. Freezing has positive effects on maintaining the quality and safety of crayfish samples when they are stored aerobically under chilled conditions. As a result of this study, it could be recommended that frozen killing could be an alternative, laborsaving, and effective method in the field of crayfish processing industry.
